We report on molecular dynamics simulations of the helix-coil transition of a polypeptide. The simulated transition was two-state-like and similar to the solid-liquid-like transition that has been observed in computer simulations of an atomic cluster. At the transition temperature, the polypeptide chain fluctuated between a helical and a random-coil state, and we observed 1͞f fluctuation through potentialenergy fluctuations. The origin of the observed 1͞f fluctuation is discussed, considering the underlying potential-energy landscape. [S0031-9007(98) A protein molecule is a chain composed of amino acids and has its own three-dimensional structure determined by the amino-acid sequence [1] . The formation of the structure follows statistical thermodynamics. Simply supposing that the protein is a partial system immersed in a heat bath, the state of the protein is determined to minimize the free energy. The free-energy surface can be constructed, using a density of states together with statistical weights, in a space of extensive variables necessary to describe the states of the protein [2] . The potential-energy surface is defined in a ͑3N 2 6͒-dimensional conformational space (N is the number of constituent atoms), and both static and dynamic properties of the system depend on the detailed shape of the potential surface. Several attempts to reconstruct the free-energy or potential-energy surface of low dimension have been made by statistically based approaches [2] [3] [4] [5] . Two essential characters of the surface are "slope" and "roughness" [3] . The global shape of the free-energy surface varies depending on temperature and inclines either to a "native" state at a low temperature or to a random-coil-like state at a high temperature, whereas the potential energy is determined only by the conformation of the chain except for the special case [5] . In particular, most small single-domain proteins undergo transitions analogous to solid-liquid transitions [3, 6] .
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To understand solid-liquid-like transitions from a microscopic viewpoint, computer simulations have been done in more detail in the field of polyatomic, rather than polymer, systems such as atomic clusters [7] . There are two reasons: It has been difficult to obtain reliable potentials for the protein systems, due to the complicated atomic interactions, and computer power has not been sufficient for a long time simulation to see a protein folding. However, recent computer similations demonstrated a folding of an a helix for a short polypeptide, which can be thought of as the minimal protein model [8, 9] . The a helix is an ordered, helical structure and transforms into the random-coil state when temperature increases. Historically, this transformation is called the "helix-coil transition," and numerous studies have been devoted to this phenomenon, both experimentally and theoretically [10] . A recent experiment has shown that the formation of a helices is a key factor in the early events of a protein-folding [11] .
Extensively simulating the helix-coil transition at the atomic level, we can address the following questions, with the relationship between polymer and polyatomic systems in mind: What kind of transition does the observed helixcoil transition look like, and what type of fluctuation appears, especially at the transition temperature? How does the transition reflect the underlying energy landscape?
In this Letter, we report molecular dynamics simulations of a polyalanine chain, which has a high helix propensity [8, 12] , and found that the chain exhibited a two-statelike transition. At the transition temperature, the chain wandered spontaneously between a helical and a randomcoil state. Analyzing potential-energy fluctuations, for the first time in the field of the biopolymer simulations, we observed 1͞f fluctuation, which is widespread in various fields.
The system we simulated consisted of 162 atoms (15 alanines). Lennard-Jones and Coulomb potentials, with a relative dielectric constant of 1, were used to describe the atomic interaction, and a harmonic potential was used for covalent bonds. The parameters for the potentials were derived from AMBER [13] , which contains a standard parameter set used in energy calculations of biopolymers. The canonical equations of motions were solved by the Verlet method and the Nosé-Hoover algorithm was applied to control temperature [14, 15] . This algorithm generates a canonical ensemble under the assumption of ergodicity of the system. The system did not include explicit solvents but exchanged energy with the hypothetical heat bath, deterministically. We used the regular a helix as the initial structure and the initial velocities were set randomly. Then the system was heated up, and equilibrated for 2 ns (2 3 10 6 steps).
In Fig. 1(a) , we show the Lindemann index as a function of temperature
0031-9007͞98͞80 (25)͞5691 (4) where N is the number of atoms and brackets mean time average. The Lindemann index is a good indicator for a solid-liquid-like transition, and we can see that the transition occurred at around 700 K. In a low temperature region below 600 K, the chain was in a solidlike state from Lindemann's criterion ͑d , 0.1͒ [6, 16] , which corresponded to the a-helix state. The a helix was stabilized by forming hydrogen bonds (H bonds), the origin of which was mainly due to the Coulomb interactions between the carboxyl oxygen of the ith unit and the amide hydrogen of the ͑i 1 4͒th unit. The maximum number of possible (native) H bonds for the complete a helix in this system was eleven. Lindemann index d increased coincidentally with the increase of the H-bond destruction ratio, and the chain was in the random-coil state with few H bonds in a high temperature region. Similar transition curves were also observed in solid-liquid-like transitions of an atomic cluster [7] . Figure 1(b) shows the specific heat calculated from total-energy fluctuations
The sharp peak with rather broad tails appears at around the transition temperature. In Monte Carlo simulations of an atomic cluster, a similar peak of specific heat was observed, indicating a rounding of a first-order transition [17] . The nature of the helix-coil transition will be discussed later. Note that the base line nearly equals the value expected from the equipartition, ͑3N 2 6͒k B 480k B , and this partly indicates that the Nosé-Hoover dynamics worked well to generate the canonical ensemble. Next, we illustrate the chain behavior at the transition temperature. The spatiotemporal evolution of H bonds [ Fig. 2(a) ] demonstrates that two distinguishable temporal regions appeared irregularly: one was an a-helix region where most parts of the chain formed H bonds, and the other was a random-coil region with few H bonds. This phenomenon shows cooperativity of the system (see also Fig. 3) , and is called the "dynamical coexistence" in molecular dynamics of an atomic cluster [18] . However, we cannot neglect the coexistence of helix and coil in a chain. The corresponding potential-energy trajectory is shown in Fig. 2(b) . The larger the number of H bonds, the lower the energy. Apparently, there were a variety of folding processes (see Ref. [19] for a coarse-grained protein model). There also appeared various intermediate states, in which some H bonds were lost and potential energies were higher than the complete a helix. We should note here that Fig. 2(a) shows only a-helical (native) H bonds [i.e., between ith and ͑i 1 4͒th unit] and does not include any information about other H-bond types. Indeed, i-͑i 1 3͒ type H bonds contributed not a little to the a-helix formation, and i-͑i 1 2͒ or other type H bonds were occasionally formed even in a random-coil region. In Fig. 2(c) we show snapshots of a fast folding process. In this process, a nucleus of helix (i.e., one helical turn with one H bond) appeared at the center of the chain, then the formations of H bonds grew throughout the whole chain.
To further analyze the potential-energy fluctuations at the transition temperature, we investigated power spectral density [ Fig. 4(a) ]
where x͑t͒ is the potential energy as a function of time. We can recognize a power-law 1͞f spectrum that continues over two decades. The crossover frequency to white noice was about 1 GHz, which indicates that we must continue simulations at least for 1 ns to obtain a stationary state. The same 1͞f spectrum was also found without the Nosé-Hoover thermostat. Spectra at other temperatures also had power-law frequency regions, but their exponents reached zero as temperature departed from the transition temperature [ Fig. 4(b) ]. Again, this tendency is in accord with the result observed in an atomic cluster [20] , where the Allan variance was used instead of the power spectrum. Thus we clarified two characteristics of the observed helix-coil transition: the simulated two-state-like nature as a finite-size system and the 1͞f fluctuation around the transition temperature, in which we recognized similarities between a polypeptide and an atomic cluster. Two main differences between them are as follows: First, the one-dimensional property of the a-helical structure becomes prominent when the system size is enlarged. In the thermodynamic limit ͑N !`͒, we could only observe helical segments intervened by random-coil segments at the mid-point, and the width of the transition range would re- main finite (i.e., helix-coil transition is not a true phase transition in a thermodynamic sense) [10, 21, 22] , while the atmoic cluster system would indeed lead to the true solid-liquid transition [17] . Second, the polypeptide interactions involve Coulomb forces, which would add the focusing character to the potential-energy surface, that is, a funnel-like shape. This contrasts with the highly glass-forming nature of Lennard-Jones clusters, as is well demonstrated in the comparison of argon and alkali-halide clusters [23] . Now, we discuss the origin of the observed 1͞f fluctuation, considering the underlying energy landscape. The free-energy surface would have two basins around the a-helix and the random-coil state at the transition temperature, since the distributions of the fraction of native H bonds (Fig. 3) and other quantities such as the end-end distance (data not shown) were approximately bimodal. However, the dynamics is governed by the complicated potential-energy surface in the conformational space. If we imagine a simple double-well potential surface, the hypothetical Brownian motion on this surface would yield 1͞f 2 noise known as the Lorentzian [24] . However, we observed 1͞f noise, which can be explained by a multiple-relaxation process [25, 26] because of the roughness of the potential-energy surface. From the randomenergy model with a funnel, Bryngelson and Wolynes derived a logarithm-normal distribution of the rate constants [27] . The log-normal distribution leads to a 1͞f spectrum, if the breadth of this normal distribution is large enough [28, 29] . Independently, Marinari et al. explained the origin of 1͞f noise by considering a random walk on a random, self-similar potential surface [30] .
The potential surface of the polyalanine is rugged, due to the competing atomic interactions, and there are an enormous number of local potential minima and saddles [31] . In our case, the diversity of H-bond patterns described above largely contributes to the formation of such a rugged potential surface; in fact, many metastable states, with different H-bond patterns from that of the a helix, were directly observed by folding simulations. However, our system is minimally frustrated, due to the funnel-like potential surface, compared to a heteropolymer with a random sequence which is fully frustrated and has many analogies with spin glasses. Our system is much in common with a protein, which is thought to obey "the principle of minimal frustration" [3, 27] .
Finally, we consider why the noise approached white noise, as temperature departed from the transition temperature. In the high temperature region, the reason is trivial. The chain itinerated throughout the conformational space with ample kinetic energies to surmount the potential-energy barriers, resulting in white noise in the frequency region lower than the frequency factor of Arrhenius equations (about 10 12 Hz). In the low temperature region, since we chose the a helix as the initial structure, the chain was confined in a deep potential-energy valley, and could hardly experience metastable states during the finite simulation time; in the folding simulations with other initial structures (e.g., random-coil-like structures), the chain was trapped in such metastable states, and the escape time actaully became longer as temperature was lowered. Even in the bottom of the a-helix valley, there would be a fine roughness caused by competing atomic contacts, which brings about many substates, or such a hierarchy as seen in a protein [32] . However, the kinetic energies in the low temperature region were much higher than the small barriers [33] , as was the case with the high temperature simulation discussed above, resulting in the absence of the time correlation longer than the intramolecular vibrational time scales (1 ps or less).
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